In a city, housing price varies with location. Thus, housing price plays an important role in detecting the spatial pattern of the city. Spatial interpolation methods have been widely used for simulating and predicting urban housing prices. In this paper, the Ordinary Kriging interpolation method is used for producing the digital elevation model (DEM) of urban housing prices. Based on the three-dimensional DEM of urban housing price, this paper develops a novel approach for geo-visual analytics of urban housing prices. To investigate and visualize the spatial morphology of housing price, we design the Water-flooding, Section-cutting and Belt-floating methods, and implement these methods with the 3D-analyst module in GIS environment. Then, we take Wuhan City as a case, apply this approach to analyze the complex spatial morphologic characteristics of the DEM for housing price and visualize the results from the multidimensional perspectives. The results show that the Water-flooding method effectively supports the investigation of the top areas of surface changes; Section-cutting method performs well in examining the profile or cross-section of the urban housing surface; and Belt-floating method is helpful for detecting the spatial variance of the urban housing surface through the routes of specific lines. The results demonstrate that the proposed approach works better than traditional methods in describing the complex spatial morphology of urban housing prices, and has an advantage in visualizing the analysis results.
Introduction
The relationships among residence location, commuting cost, and residence facility have always been the focus of much research, from urban location theory to residential location selection models [1] and the classical model for monocentric urban spatial structure built by Alonson (1964) [2] , Mills (1967 Mills ( , 1972 [3, 4] and Muth (1969) [5] (also known as the "AMM Model"). However, with the urban spatial structure becoming more and more complicated, it becomes difficult to describe and interpret urban spatial characteristics with the monocentric hypothesis and simple linear models [6] . Recent research has focused on the polycentric urban region in urban studies [7] [8] [9] , as polycentric urban development morphology is becoming a trend [10] . The decentralization of urban factors provides a new dimension slope [54] , and curvature [55] are common indicators used to analyze and depict topographic characteristics. Over the past years, the DEM has also been successfully applied in social science areas, including the spatial distribution of urban factors and urban planning [20, 42, 52] . However, compared with the application of DEM in natural science, some application fields in the social sciences still need to be further explored, such as the characterization of complex spatial morphology, three-dimensional analysis, visualization, and so on. Thus, it is an area worth exploring in-depth of how to design new approaches in corresponding areas to conduct DEM-based analysis, depiction, and multidimensional visualization of urban housing price.
To sum up, since housing price is sensitive to urban location [56] , its spatial distribution or gradient characteristics provides an important perspective to understand the urban spatial structure and identify the quantity and morphology of urban centers. Also, three-dimensional analysis methods have obvious advantages over two-dimensional approaches for urban studies, especially for multi-information presentation, result visualization, and complex spatial analysis. Previous research on urban housing prices mainly uses Kriging and Co-Kriging techniques for price prediction, while the application of geo-visual analytics is rare, especially for the analysis and visualization of non-linear complex urban spatial structures and spatial morphology. Further, in previous case studies in China, most of the housing price surface maps are two-dimensional, and few studies have conducted three-dimensional analysis. First, there is a lack of further refined treatment of the housing price surface, such as the elimination of unnecessary geographic elements. Second, there is a lack of profound analysis and visualization as to the tri-dimensional morphology of the DEM for housing price. Spatial interpretation methods (such as Kriging) provides the basis for producing urban housing price surface, while the DEM-based analysis indicators and methods in physical geography provide a good reference for housing price analysis. Illuminated by the idea of DEM-based terrain analysis, this article develops a geo-visual analytical method to investigate the complex spatial morphology of urban housing price. We will firstly produce a housing price DEM with spatial interpretation methods, which provides a basis for three-dimensional analysis and visualization. By using 3D-analyst components in ArcGIS and ArcScene, we propose a novel approach to geo-visual analytics of urban housing prices. Further, we take Wuhan City as a case, apply this approach to analyze complex spatial morphologic characteristics of the housing price DEM, and visualize the results from multidimensional perspectives.
Models and Methods

Digital Elevation Model for Urban Housing Price
Hedonic demand theory is the basis of hedonic housing price, which is a revealed preference method of estimating housing demand or value [57] . Previous studies on the hedonic housing price have concluded that the factors that influence housing price mainly include location, architectural structure, and neighborhood environment [58] [59] [60] . Urban housing price reflects the overall intent of consumers to pay for the characteristics implied in the housing price. We assume the housing price in any location i of the target city is P i , then the location, structure, and neighborhood of location i can be expressed with the following formula:
where L i , S i , and N i represent the location, structure, and neighborhood environment of location i, respectively. If the housing price in location i is higher than that in location j, we can infer that the location, structure, and neighborhood environment of houses in location i are superior to those of the houses in location j. If the architectural structures of houses in locations i and j are equivalent and the housing price in location i is higher than that in location j, we can infer the location and neighborhood in location i are superior to those in location j. In essence, the process of building the DEM for the urban housing price with the spatial interpolation method is to estimate the housing price value of an unknown space with known spatial data of the urban housing price, and finally obtain a continuous urban housing price surface (field).
In this paper, we use Ordinary Kriging to produce the spatial interpolation map and visualize the urban housing price surface (DEM). Ordinary Kriging is an interpolation method by which the interpolated values are modeled by a Gaussian process dominated by prior covariances. Based on the pioneer of the techniques [61] , Matheron [62] , and most recently Cressie [63] , have laid out the statistical principles and theoretical basis of this method. This method can be expressed with the following formula [64] :P
with the constraint of weights:
The expected value of the prediction error:
where P(x i ) is the sample observation values, which correspond to locations x i in the study area of the city, x 0 is a point that has not been sampled, and λ i is the weight given to location i. It should be noted thatP OK (x 0 ) does not represent the estimated value of the actual market transaction price in an unknown point, but can be seen as the "price index" under the specific assumption.
DEM-Based Analysis Method
In this study, we assume that the DEM for the urban housing price can be seen as a "housing price index surface" under the specific architectural structural standard in the global scope of the study area. The DEM for urban housing price constitutes the foundation for analyzing the spatial morphology and the variance of resident's willingness to pay for the housing. It provides a perspective for understanding the urban spatial structure.
Different from the analysis and depiction of the DEM-based spatial morphology in the natural science area, the application of DEM for urban housing price need to be combined with urban space theory and the actual urban environment. Meanwhile, the approaches that can effectively analyze and express the spatial morphology of the DEM need to be adopted to address the actual study issues relating to the housing price. On the basis of previous studies, this paper undertakes geo-visual analytics of the morphological characteristics of the housing price DEM by using the 3D analyst module in ArcGIS and ArcScene (Figure 1) .
In order to visualize the analysis results and make them easier for understanding, we develop a novel approach by referring to the DEM and DTM-based analysis methods in geoscience, such as the river cross-section in flood model [65, 66] and the terrain model for floodplain mapping [67] . We assume the housing price surface can be expressed as f (x, y, z). By integrating different modules in ArcGIS and ArcScene, we propose the DEM-based analysis methods as follows:
-
The Water-flooding method (see Table 1 ), which uses the "water level" (a given benchmark housing price) at a designated height to analyze the high values and characteristics of the top area on the urban housing price surface (see Figure 1b) . We simulate the flooding result of housing price by vertically changing the basic level of the original DEM model in ArcScene. -
The Section-cutting method (see Table 1 ), which analyzes the side-view price skyline and gradient characteristics through section cutting in the specific directions (see Figure 1c) . We cut and split the original DEM model according to the directions we set in ArcScene, and examine the gradient characteristics of housing price along the cutting lines. -
The Belt-floating method (see Table 1) , which is used to analyze spatial variance of the urban housing price DEM on the route of a specific line, such as a subway line (see Figure 1d ).
Specifically, we build a covering relation between traffic lines and DEM model surfaces in ArcScene to obtain housing price changes along the traffic routes. Water-flooding f (x, y, z), (z ≥ z b ) where z b is the given benchmark price ("water lever") surface investigate the peaks of a surface above a given horizontal plane of housing price Section-cutting f (x i , z) or f (y i , z) where x i or y i is the given position of cross-section polyline or curved line examine the profile or cross-section of an urban housing surface along a selected straight line or a series of straight line segments where zb is the given benchmark price ("water lever") surface investigate the peaks of a surface above a given horizontal plane of housing price Section-cutting
where xi or yi is the given position of cross-section 
Case Study Area and Materials
Study Area
Wuhan is located in the middle reaches of the Yangtze River and its largest tributary, the Hanshui River, which pass through the city [68] . There are a large number of lakes in the urban area of Wuhan, including China's largest urban lake, East Lake. Therefore, Wuhan is known as a "river city" and "city of lakes" (see Figure 2 ). Over the past century, Wuhan has been growing, with the intersection of the Yangtze River and the Hanshui River as the core (see Figure 3) . The landscape of the city has gradually evolved from a monocentric mode to a polycentric mode. At present, the landscape of Wuhan City has the following characteristics [42] : (1) Urban ring roads form a basic framework with a radioactive structure; (2) multiple centers have made up an intensive road network area within the inner ring road; (3) different urban areas have gradually built respective sub-centers, constrained by natural geographic and environmental conditions. Figure 2a shows the location, topographical map, and study area of Wuhan City. The study area is mainly the central urban area of the city. For the study area, we have built the GIS analysis environment (see Figure 2c) , including ring road, subway line, trunk road, water body, green land, and other geographic elements, based on the Open Platform of Baidu Map (lbsyun.baidu.com) and with reference to Wuhan City's spatial regulation and implementation planning for urban development area and the city's subway construction planning (www.whrt.gov.cn).
The Yangtze River and Hanshui River divide the central urban area of Wuhan into three sectors, 
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Study Area
The Yangtze River and Hanshui River divide the central urban area of Wuhan into three sectors, Hankou, Wuchang, and Hanyang [68] . Hankou is the center of business, finance, and urban administration, Wuchang is the center of education, new technology industries, and provincial administration, and Hanyang is the traditional industrial base [37, 42] . Prior study has indicated that there exists spatial heterogeneity among the three sectors for the urban housing price [42, 69] and urban residential land price [36, 37] . To better understand the urban spatial structural characteristics, we define the center (gravitational center) of the region inside the inner ring road as the geographic center (GC) of Wuhan city (see Figure 2c ). The GC turns out to be located at the intersection of the Yangtze River and the Hanshui River. Further, by setting the GC as the center of the circle and due north as the starting point, we defined 24 directions with an interval of 15 degrees as the reference for evaluating the spatial directional heterogeneity (see Figure 2d) , and selected three representative directions for each sector as the major target of analysis. there exists spatial heterogeneity among the three sectors for the urban housing price [42, 69] and urban residential land price [36, 37] . To better understand the urban spatial structural characteristics, we define the center (gravitational center) of the region inside the inner ring road as the geographic center (GC) of Wuhan city (see Figure 2c ). The GC turns out to be located at the intersection of the Yangtze River and the Hanshui River. Further, by setting the GC as the center of the circle and due north as the starting point, we defined 24 directions with an interval of 15 degrees as the reference for evaluating the spatial directional heterogeneity (see Figure 2d ), and selected three representative directions for each sector as the major target of analysis. 
Housing Price
To produce the DEM model that reflects the overall housing price surface in Wuhan, we collected samples and processed them as follows: Firstly, in order to reduce the influence of the market, we excluded second-hand housing and selected residential housing estates (including housing price, location, area, planned floor area ratio) in the study area as housing samples. We collected 386 new residential housing estate projects on sale from December 2011 to December 2014 and obtained housing price and some related information from Wuhan Housing Security and Management Bureau (fgj.wuhan.gov.cn). Secondly, we used the unit selling price (in CNY ¥ ▪ m −2 ) of estate projects to reflect urban housing price. To deal with the differences in transaction date, we corrected the sample prices into standardized prices. Specifically, all housing prices of selected samples were amended to the same trading day (December 2014) through real estate price indices of Wuhan.
Global spatial autocorrelation reflects the spatial characteristics of an attribute across the whole area and indicates whether there exists an evident correlation between the attribute information and its location. The spatial autocorrelation theory is usually applied in the fields of spatial economics and geo-statistics [70] [71] [72] [73] . The Moran's I Index, which is used to measure the correlation among spatial elements, is a correlation coefficient that is widely used to test the global spatial correlation [74] . After correction, the Moran's I Index of commodity house price is 0.29 for the selected samples, with an expectancy value of −0.007, a Z test value of 7.964, and a p value below 0.01. With a confidence level of 99%, the multiple Z test value reflecting the standard deviation is above 2.5. Therefore, we can deny the null assumption that the random distribution of observed values and conclude that the housing price attributes of these observed samples are spatially correlated with one another. Besides, we employed a frequency distribution curve to test the sample's normality and eliminate abnormal data points. Based on the quantile-quantile (Q-Q) plot (see Figure 4d ) of the housing prices from 386 samples that follow a lognormal distribution, we removed luxury houses (such as villas) and affordable housing (policy-related house). Finally, the 318 remaining samples (positions), including 313,230 housing units (covering an area of about 32.26 million square meters), were used for geovisual analysis (see Figure 4a) .
We listed the statistical information of the sampling housing price in Table 2 . Further, we calculated the distances between the samples and the GC with ArcGIS tools, and the average, the maximum, and the minimum distances were 7.45 km, 18.42 km, and 1.33 km, respectively (see Table  2 ). 
To produce the DEM model that reflects the overall housing price surface in Wuhan, we collected samples and processed them as follows: Firstly, in order to reduce the influence of the market, we excluded second-hand housing and selected residential housing estates (including housing price, location, area, planned floor area ratio) in the study area as housing samples. We collected 386 new residential housing estate projects on sale from December 2011 to December 2014 and obtained housing price and some related information from Wuhan Housing Security and Management Bureau (fgj.wuhan.gov.cn). Secondly, we used the unit selling price Global spatial autocorrelation reflects the spatial characteristics of an attribute across the whole area and indicates whether there exists an evident correlation between the attribute information and its location. The spatial autocorrelation theory is usually applied in the fields of spatial economics and geo-statistics [70] [71] [72] [73] . The Moran's I Index, which is used to measure the correlation among spatial elements, is a correlation coefficient that is widely used to test the global spatial correlation [74] . After correction, the Moran's I Index of commodity house price is 0.29 for the selected samples, with an expectancy value of −0.007, a Z test value of 7.964, and a p value below 0.01. With a confidence level of 99%, the multiple Z test value reflecting the standard deviation is above 2.5. Therefore, we can deny the null assumption that the random distribution of observed values and conclude that the housing price attributes of these observed samples are spatially correlated with one another. Besides, we employed a frequency distribution curve to test the sample's normality and eliminate abnormal data points. Based on the quantile-quantile (Q-Q) plot (see Figure 4d ) of the housing prices from 386 samples that follow a lognormal distribution, we removed luxury houses (such as villas) and affordable housing (policy-related house). Finally, the 318 remaining samples (positions), including 313,230 housing units (covering an area of about 32.26 million square meters), were used for geo-visual analysis (see Figure 4a) .
We listed the statistical information of the sampling housing price in Table 2 . Further, we calculated the distances between the samples and the GC with ArcGIS tools, and the average, the maximum, and the minimum distances were 7.45 km, 18.42 km, and 1.33 km, respectively (see Table 2 ). 
Results
Urban Housing Price Surface
Based on the Ordinary Kriging method, we performed logarithmic transformation of the entered data and applied the spherical model to interpolate the samples. The prediction error of the average value is 0.032, which is close to 0, and the standard root-mean-square error is 0.898, which is close to 1. The results show that the interpolation method is reliable. Further, the housing price was visualized with color maps: when the housing price ranges from high to low, the color ranges from warm color (red) to cold color (blue). The results show that the overall housing price in Wuhan City presents a high-to-low trend from the GC to other areas; the housing price decreases with the increasing distance to the ring roads; this trend is more obvious in sector HK and sector HY. Besides, to avoid the influence of natural factors (such as lakes and rivers) on the model, we set these lake or river areas as no data areas (blanked area) in the GIS environment.
To better observe and understand the spatial characteristics of the calculation results from the model, we output the tridimensional visualization of the DEM for housing price, water bodies, and ring roads in GIS environment. The ring roads are displayed as floating on the DEM surface. Figure 5 displays the morphologies of the DEM surface for housing price under different perspectives. The tridimensional visible presentation of the DEM models makes it possible to interpret the spatial distribution of housing price in multiple dimensions and perspectives. 
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Water-Flooding: The Multi-Peak Changes of Surface
If we put the DEM for housing price in a "closed container", and keep injecting "water" into the "container", then as the "price water level" keeps rising, the area with a low price terrain will be gradually "flooded", and the area exposed above the price water level will be the price highland, and the "island" that is finally be left will be the area where the top area exists. In the ArcScene 3D-analyst environment for the case under this paper, when the "water level" (benchmark price) arrives at 13,000, the characteristics of high-value areas that are still exposed above the benchmark (see Figure 6a ) are basically concentrated and continuous in Hankou and Hanyang, but these areas in Wuchang are not continuous, but discrete. Considering spatial differences of the price level between different sectors, we have cut the housing price DEM by sectors and further flooded these sectors. When the price water level arrives at 13,800, Wuchang will become an "island" (see Figure 6c) , while Hankou will not change a lot (see Figure 6b ). When the price water level falls to 11,000, Hanyang will become an "island" (see Figure 6d ). This shows that among the three sectors, the high-value area of the housing price is the lowest in Hanyang, and high-value area is relatively concentrated and larger in Hankou. The high-value areas in Hanyang and Hankou are distributed along the Yangtze River, which responses to the historical spatial expansion of Wuhan City as a port. The peak value in the global scope appears in Wuchang, but the high-value areas are relatively decentralized there. This can be explained by the influence of natural geographical elements and the rise of sub-centers and new high-technology districts in Wuchang. 
If we put the DEM for housing price in a "closed container", and keep injecting "water" into the "container", then as the "price water level" keeps rising, the area with a low price terrain will be gradually "flooded", and the area exposed above the price water level will be the price highland, and the "island" that is finally be left will be the area where the top area exists. In the ArcScene 3D-analyst environment for the case under this paper, when the "water level" (benchmark price) arrives at 13,000, the characteristics of high-value areas that are still exposed above the benchmark (see Figure 6a) are basically concentrated and continuous in Hankou and Hanyang, but these areas in Wuchang are not continuous, but discrete. Considering spatial differences of the price level between different sectors, we have cut the housing price DEM by sectors and further flooded these sectors. When the price water level arrives at 13,800, Wuchang will become an "island" (see Figure 6c) , while Hankou will not change a lot (see Figure 6b ). When the price water level falls to 11,000, Hanyang will become an "island" (see Figure 6d ). This shows that among the three sectors, the high-value area of the housing price is the lowest in Hanyang, and high-value area is relatively concentrated and larger in Hankou. The high-value areas in Hanyang and Hankou are distributed along the Yangtze River, which responses to the historical spatial expansion of Wuhan City as a port. The peak value in the global scope appears in Wuchang, but the high-value areas are relatively decentralized there. This can be explained by the influence of natural geographical elements and the rise of sub-centers and new high-technology districts in Wuchang. 
Section-Cutting: Spatial Morphology of Gradient in Side Views
We cut along the section of the DEM surface for housing price in Wuhan City in the tridimensional spatial environment, obtained side-view morphological characteristics of the housing price surface in a given direction, and analyzed the gradient changes. Under the spatial landscape of Wuhan City, the Yangtze River and the Hanshui River are important geographical factors that influence the urban spatial landscape and can be considered as the key directions for spatial change characteristics of the housing price. By implementing the cutting process in ArcGIS, we got the sideview characteristic patterns of the housing price surfaces of Hankou, Hanyang, and Wuchang along the rivers. All side views present a similar trend of housing price variance: the housing price decreases with the distance increases from the GC. For example, the price decreases from the GC to the northwest direction (Figure 7a1 ) and from the GC to the northeast direction (Figure 7a2) in Hankou, and the price declines from the GC to the southwest direction (Figure 7b1 ) and from the GC to the northwest direction ( Figure 7b2 ) in Hanyang; the price decreases from the GC to the northeast and the southwest direction (Figure 7c ) in Wuchang. As for the overall gradient decline pattern, the housing prices fluctuate in any direction (Figure 7b1) . Additionally, after all the sections are blackened, we can further analyze the price relationship between the riverfront areas and other areas from the horizontal side view. If the remote price surface is covered by the black section in the side view, this means the housing price in the riverfront areas stays at a higher level (Figure 7b2 ). 
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Section-Cutting: Spatial Morphology of Gradient in Side Views
We cut along the section of the DEM surface for housing price in Wuhan City in the tri-dimensional spatial environment, obtained side-view morphological characteristics of the housing price surface in a given direction, and analyzed the gradient changes. Under the spatial landscape of Wuhan City, the Yangtze River and the Hanshui River are important geographical factors that influence the urban spatial landscape and can be considered as the key directions for spatial change characteristics of the housing price. By implementing the cutting process in ArcGIS, we got the side-view characteristic patterns of the housing price surfaces of Hankou, Hanyang, and Wuchang along the rivers. All side views present a similar trend of housing price variance: the housing price decreases with the distance increases from the GC. For example, the price decreases from the GC to the northwest direction (Figure 7a1 ) and from the GC to the northeast direction (Figure 7a2) in Hankou, and the price declines from the GC to the southwest direction (Figure 7b1 ) and from the GC to the northwest direction ( Figure 7b2 ) in Hanyang; the price decreases from the GC to the northeast and the southwest direction (Figure 7c ) in Wuchang. As for the overall gradient decline pattern, the housing prices fluctuate in any direction (Figure 7b1) . Additionally, after all the sections are blackened, we can further analyze the price relationship between the riverfront areas and other areas from the horizontal side view. If the remote price surface is covered by the black section in the side view, this means the housing price in the riverfront areas stays at a higher level (Figure 7b2 ). To make a further quantitative analysis of the gradient change of the housing price surface in different directions, we observe the housing price changes when the distances from the GC rises. We define the GC as the starting point, selecting different directions and cutting the cross-sections of the DEM, according to the spatial landscape division and definition mentioned above. On the principle of typicality and maximum assurance of spatial continuity, we selected three representative directions in Hankou, Hanyang, and Wuchang (HK Sector: GC-330, GC-345, and GC-360; HY Sector: GC-225, GC-240, and GC-255; and WC Sector: GC-120, GC-135, and GC-150). Figure 8 displays the housing price distribution along the sectional lines and in different directions, with the GC as the starting point. Since the ring roads constitute the skeleton of Wuhan City, we fitted a trend line in every diagram and marked the locations where the sectional line intersects with urban ring roads. It indicates the housing price curves tend to decrease when the distance to the GC increases. This can be explained by the radioactive concentric spatial structure of Wuhan City. However, the average price levels and the decline gradients of housing price show different characteristics in different sectors: (1) The average price level and gradient in HK Sector are relatively high in all directions, and present an obvious peak in the GC-360 direction; (2) in the HY Sector, the average price level is relatively high in the GC-240 direction and presents a lower peak in the GC-255 direction; and (3) the price curve fluctuates within a greater range in the WC Sector, and there is an obvious peak between B1 and B2, and between B2 and B3 in the GC-120 direction as well as between B1 and B2 in the GC-135 and GC-150 directions. This is possibly because there are many water bodies in Wuchang region and the land is rather scattered, which lead to multiple peaks of price distribution. To make a further quantitative analysis of the gradient change of the housing price surface in different directions, we observe the housing price changes when the distances from the GC rises. We define the GC as the starting point, selecting different directions and cutting the cross-sections of the DEM, according to the spatial landscape division and definition mentioned above. On the principle of typicality and maximum assurance of spatial continuity, we selected three representative directions in Hankou, Hanyang, and Wuchang (HK Sector: GC-330, GC-345, and GC-360; HY Sector: GC-225, GC-240, and GC-255; and WC Sector: GC-120, GC-135, and GC-150). Figure 8 displays the housing price distribution along the sectional lines and in different directions, with the GC as the starting point. Since the ring roads constitute the skeleton of Wuhan City, we fitted a trend line in every diagram and marked the locations where the sectional line intersects with urban ring roads. It indicates the housing price curves tend to decrease when the distance to the GC increases. This can be explained by the radioactive concentric spatial structure of Wuhan City. However, the average price levels and the decline gradients of housing price show different characteristics in different sectors: (1) The average price level and gradient in HK Sector are relatively high in all directions, and present an obvious peak in the GC-360 direction; (2) in the HY Sector, the average price level is relatively high in the GC-240 direction and presents a lower peak in the GC-255 direction; and (3) the price curve fluctuates within a greater range in the WC Sector, and there is an obvious peak between B1 and B2, and between B2 and B3 in the GC-120 direction as well as between B1 and B2 in the GC-135 and GC-150 directions. This is possibly because there are many water bodies in Wuchang region and the land is rather scattered, which lead to multiple peaks of price distribution. 
Belt-Floating: Spatial Morphology along Key Traffic Lines
(1) Spatial morphological visualization of housing prices along main subway lines. We consider the housing price as a proxy variable that reflects the spatial value, and intersect different subway lines and DEM surfaces for housing prices in the tri-dimensional space environment based on the DEM surface for housing prices in Wuhan City. Then, we further explore the characteristic morphology of spatial distribution along subway lines and complete visualization under different perspectives (see Figure 9 ). Globally, low-value areas appear on the starting point and the ending point of each line, while the high-value areas are usually distributed in the middle part of the line. Locally, different lines present complex multidimensional fluctuations. (2) Investigation of housing prices along subway lines. Considering the radioactive landscape of Wuhan City, we collected the price data on the DEM surface relating to different ring roads within the central urban area and compared these data. Through investigating the housing prices along different ring roads in different directions, we found that the prices tend to decrease from the first ring road to the third ring road in Hankou and Hanyang (see Figure 10a) , which fits the radioactive spatial structure feature of Wuhan City. However, the housing price in Wuchang does not show a similar pattern. In some directions in Wuchang, the housing prices along the ring roads do not show a hierarchical distribution but display a fluctuation pattern.
This feature is contrary to the spatial structure feature, but corresponding with the polycentric trends of the housing price morphology, as explored earlier. Besides, if sequenced from high to low along the ring roads, the housing prices also present an overall decline trend from first ring road to third ring road (see Figure 10b ). 
(1) Spatial morphological visualization of housing prices along main subway lines. We consider the housing price as a proxy variable that reflects the spatial value, and intersect different subway lines and DEM surfaces for housing prices in the tri-dimensional space environment based on the DEM surface for housing prices in Wuhan City. Then, we further explore the characteristic morphology of spatial distribution along subway lines and complete visualization under different perspectives (see Figure 9 ). Globally, low-value areas appear on the starting point and the ending point of each line, while the high-value areas are usually distributed in the middle part of the line. Locally, different lines present complex multidimensional fluctuations. (2) Investigation of housing prices along subway lines. Considering the radioactive landscape of Wuhan City, we collected the price data on the DEM surface relating to different ring roads within the central urban area and compared these data. Through investigating the housing prices along different ring roads in different directions, we found that the prices tend to decrease from the first ring road to the third ring road in Hankou and Hanyang (see Figure 10a) , which fits the radioactive spatial structure feature of Wuhan City. However, the housing price in Wuchang does not show a similar pattern. In some directions in Wuchang, the housing prices along the ring roads do not show a hierarchical distribution but display a fluctuation pattern. This feature is contrary to the spatial structure feature, but corresponding with the polycentric trends of the housing price morphology, as explored earlier. Besides, if sequenced from high to low along the ring roads, the housing prices also present an overall decline trend from first ring road to third ring road (see Figure 10b ). 
Concluding Discussion
To examine the spatial pattern housing price in a city is crucial to a better understanding of urban spatial structures and more rational urban planning. Urban planners, economists, and geographers have developed many models to investigate the urban spatial pattern, which greatly contributes to quantitative analysis and visualization of the analysis result. Previous studies have indicated both the strengths and limitations of spatial interpretation methods for housing price prediction. In this paper, we did not use spatial interpolation methods directly for housing price prediction, but employed the Kriging interpolation method for producing the DEM of urban housing price. The DEM for urban housing price in this paper provides the foundation for studying the spatial morphological characteristics of resident's willingness to pay for the house at a certain location under the local housing market. Meanwhile, it provides a new dimension and perspective for understanding of the urban spatial structure.
Based on the three-dimensional DEM of urban housing price, this paper developed a new approach of geo-visual analytics for urban housing prices. Referring to the DEM/DTM-based analysis idea in hydrology and geosciences, we designed the Water-flooding method, the Sectioncutting method, and the Belt-floating method for investigating and visualizing the spatial 
Based on the three-dimensional DEM of urban housing price, this paper developed a new approach of geo-visual analytics for urban housing prices. Referring to the DEM/DTM-based analysis idea in hydrology and geosciences, we designed the Water-flooding method, the Section-cutting method, and the Belt-floating method for investigating and visualizing the spatial morphology of housing price. We implemented these methods with the 3D-analyst module in ArcGIS and ArcScene. Through analyzing the results, we found that the Water-flooding method effectively supports the investigation of the top areas of the housing price surface above a given horizontal plane; the Section-cutting method performs well in examining the profile or cross-section of the urban housing surface along a selected straight line or a series of straight line segments, and the Belt-floating method is highly helpful for detecting the spatial variance of urban housing surface through the routes of specific lines, such as subway lines.
The empirical analysis of the central urban areas of Wuhan City indicates that: (1) Under different perspectives, the "housing price skylines" on the DEM presents the complex features of multiple peaks and fluctuations; (2) Based on the Water-flooding method, the top surface of the housing price DEM shrinks and appears in different spatial forms as the "water level"(given benchmark price) continues to rise; (3) Based on the Section-cutting method, the fluctuation and gradient of the housing price in different directions indicate the spatial heterogeneity in different sectors in Wuhan City; (4) Based on the Belt-floating method, the housing price along different subway lines presents complex multidimensional fluctuations, while the housing price along the ring roads shows an overall downward trend from the inside to outside.
The empirical analysis of the spatial morphology of housing prices confirms the complex urban structure and spatial heterogeneity of Wuhan City. Due to the limitation of the study area, we did not examine how various spatial elements and geographical conditions impact the complex spatial pattern of urban housing prices. However, it is worth noting that previous related studies in Wuhan City found that the proximity to water bodies, green space, transit systems, or CBDs has positive effects on housing price, especially the proximity to the Yangtze River or the East Lake. However, in this paper, the geo-visual analytics of urban housing prices in Wuhan City indicate that housing prices in proximity to water bodies or transit show more complex changes. For example, the housing price is not higher in all directions with proximity to the Yangtze River or Hanshui River. Further, our research provides potential methodological support for the local government of Wuhan City to carry out spatial land allocation, measure housing space welfare, and achieve a spatial balance of housing affordability. At the same time, our three-dimensional visualization results provide a potential basis for a better understanding of the complex urban structures in the local urban planning process.
The research method proposed in this paper inherits the advantages of spatial interpretation technology, and also draws on the application of DEM in other natural science fields. Compared with the traditional two-dimensional model and linear analysis methods, the proposed approach works better in describing the complex spatial morphology of urban housing price and has an advantage in visualizing the results for analysis. However, the following issues need to be considered and handled when the approach is implemented: (1) In the process of spatial interpretation, some factors, especially non-location factors of the residential samples, must be controlled or revised to ensure the reference effect of the housing price surface; (2) the urban housing surface does not reflects real housing transaction prices but acts as a certain price index under the given condition.
Further, the limitations of this study and the directions for future research should be identified. Firstly, we collected the sample data manually, and the data were extracted from the statistical data sources. This limits the accuracy of the housing price DEM on a larger spatial scale. Big data and new data sources, such as POI (point of interest) data, provide the potential to improve model accuracy. Another possible area for future work would be to investigate the different sub-divides of the real estate market, obtain data separately, and produce corresponding DEMs. Secondly, we proposed the DEM-based analysis by referring to the application of DEM in other disciplines. Although it has achieved good visualization effects, the theoretical basis needs further exploration. Thirdly, the urban housing price DEM reflects the spatial characteristics of people's willingness to pay for the house in a city, which provides a perspective for examining the urban spatial structure. However, a comprehensive investigation of the urban spatial structure requires DEM-based analysis of more variables, such as land price, human activities, or employment density. 
